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Abstract 

We discuss to what extent the simplest attempt to reconcile the OPERA experiment with Special 
Relativity is excluded (except maybe in very contrived frameworks), assuming that the Special Rel- 
ativity formalism holds, but with a larger limiting speed cj, while the photon moves at slower speed 
(which may involve the presence of an "aether"). We take into account the most recent Michelson- 
Morley type experiments. 

The recent claim by OPERA of "faster than light" neutrinos [T] has brought a number of comments. 
It is particularly disturbing in the fact that it seems to disagree with the standard presentation of Special 
Relativity, where the limiting speed is the photon speed. In this framework, the observation seems to 
enter in contradiction with a number of well-established facts about Special Relativity. Just to name one, 
the dilatation of time is checked everyday in cosmic rays and accelerator measurements. This, without 
even mentioning the issue of causality. 

The experiment rests in fact on an indirect comparison of the neutrino speed (measured through 
a timing which uses the speed of the electromagnetic radiation) and the distance (also determined 
by photon-based measurements, including the GPS signals, of frequency within the GHz range). The 
simplest possibility which springs to mind, and which would bring the minimal modification, is that the 
effect is not due to neutrinos exceeding the limiting speed c;, but to assume that for some reason, photons 
travel at a speed c < q. By far the simplest way to achieve this is through an hypothetical photon mass 
(at the cost of sacrificing gauge invariance, and electric charge conservation); however existing limits 
on the photon mass show that any effect would be completely negligible with regard to the current 
observationj^ It would furthermore remain sensitive to the Michelson-Morley test described below. 

An alternative could be a breaking of Lorentz invariance, but could more simply be blamed on some 
medium, or "aether" , in the Earth neighbourhood, with an ad hoc refraction index n. The photon's 
speed in such a medium could be ci/n, with q the "true limiting speed" [3','?'. However unaesthetic such 
an "aether" may be, let us remember that other examples of such local or global structures exist, and 
provide a preferred frame: dark matter halos, CMB radiation, etc. Although these are very unlikely to 
account for such an effect, it is a legitimate question to consider this possibility. 

For this purpose we assume that Special Relativity is preserved (with c replaced by c;), and that the 
Einstein velocity-addition formula can then be used to evaluate the speed of light in our reference frame. 
We then assume that our frame moves at a speed v with respect to a medium in which the photon speed 
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^The OPERA result for GPS photons (in the GHz range) would require m-y > 10~* eV while the current limit is 
m-., < 10-1* eV [2]. 



c is defined (we set c — ci/n). In a direction transverse to v, light velocity remains equal to c± = ci/n, 
while in a direction parallel to v we have 
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where + and — stand for the speed along or against v. This is of course very standard. Nevertheless it 
is of interest to see how this scenario confronts with state-of-the-art measurements of the anisotropy of 
the speed of light. 

In recent experiments of Michclson-Morley type (5],[6j, it has been shown that the local maximal 
anisotropy can not exceed 

(Ac/c)e.p 1 X 10-1^. (2) 

We emphasize that this represents an improvement of about one order of magnitude compared to previous 
measurements (see for instance [7]). In these experiments the parallel "average" velocity is measured 
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since the experiment is based on a forth and back movement of light in a resonator. This average velocity 
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The theoretic resultant anisotropy which has to be compared with {Ac/c)exp is 

Ac cj_ — C|| — 1 

'-I 

We can take n = \ + 5 with (5^1 and obtain at first order in 5 (we also assume (t'/c)^ ^ 5) 
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As expected, the effect we are considering is second order in the velocity 

Now we would like to compare the above limit ([2| to the expectation from the OPERA experiment |^ 
For this, a choice must still be made: which relative speed v should we take? We will further discuss 
this question later, but for the moment just take a rather "conservative" approach, associating v to the 
rotation speed of the Earth on its axis at the experiment point 

The OPERA data would correspond to 



^w2.37-10-^ (4) 



^Second order in ii/c comes from the compensation of the first order effects in the "mean" velocity. 

®One should of course remember that the distance measurements in OPERA largely depend upon GPS measurements, 
at at frequency between 1 and 2 GHz, while the most recent Michelson-Morley experiment is performed with near-infrared 
photons ^ 280 THz. However a direct comparison of the speed of light at these wavelengths should be comparatively easy 
(we do not refer here to the ionospheric propagation effects of GPS signals, which are already taken into account by the 
experiment). 

^Clearly the other "natural" choices of frame lead to much stronger exclusions. Modern laboratory tests of Lorentz 
invariance are usually presented within the framework of the so-called minimal Standard Model Extension |8] and adopt 
a reference frame for the speed of light that is centered on the Sun, so that v is (essentially) the Earth orbital velocity 
v^jcKi 10"**. In this case the quoted limit on 6 (noted Ktr and corresponding to Hc/c < 10 ^® |9l I10| ) is 5 < 7 • 10 ^. 

^The precise value is {2.37 ± 0.32{stat.)to^'i(sys.)) ■ 10'^ . 
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When compared to the rotation speed of the Earth, we see that it takes the most recent Michelson-Morley 
experiments to (virtuaUy) exclude this possibihty, unless the medium is in some way dragged into the 
Earth rotation. Indeed, with v — 465cos53° m-s^^, where 465 m-s^^ {i.e. v/c — 1.55 • 10"^) is the 
equatorial rotation speed of the Earth, and the cosine takes into account the Berlin latitude where the 
Michelson-Morley experiments took place, we have 
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which shows a clear tension with ([2])j^ We note that [5] predicts improved constraints (at the 10~^° 
level) for the near future, which could allow one to strengthen this conclusion p"] 

It is sometimes argued that the photon speed could be modified in an "invariant" way, by which it 
would escape the above limit, keeping its value in all frames (see for instance [3]), while different from 
the overall limit c; . This view is very different from the already discussed "photon mass" , and difhcult 
to reconcile with the Lorcntz transformations, for which only c; is preserved. It would thus necessitate 
a much more fundamental re- formulation of Special Relativity (see for instance |12j). 



We return now briefly to the question of the "aether" approach, in relation to the choice of the relative 
speed V in Eq.([3]). Should it be necessary to resuscitate such "aether" , one obvious possibility would be 
to relate it to dark matter or dark energy. Because of ^ we need to take the worst possible case, and 
thus we must accept the possibility that such medium (in particular if it is linked to some dark matter 
effects [13]) is carried along with the Earth and the Solar system in its Galactic motion, under the effect 
of gravitation or some hypothetical interaction between dark and ordinary matters. This would depart 
from the usual assumption of a nearly-spherical galactic halo of dark matter with low angular momentum, 
or with the dark matter velocity distributions assumed in dark matter direct detection searches (see e.g. 
[14j). However the assumption of this medium co-moving with the Earth inside the Solar system and 
the Galactic dark matter halo is at odds with Supernovae datep] to reconcile the OPERA measurement 
with the nearly simultaneous arrival of light and neutrinos from the Supernova SN1987a, we would need 
to assume that the medium is largely absent between the Solar system and the Magellanic clouds, in 
contradiction with the alleged role of dark matter in the Galaxy. Also, keeping a local medium static 
with respect to the Earth surface seems difficult without requiring some (possibly detectable) friction 
with ordinary matter. Altogether this scenario seems rather baroque. 
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